Background
The hippocampus is an anatomical structure of the brain that is responsible for cognitive processing of space and time relationships as well as memory consolidation (Sweatt, 2002) . There are two distinct methods of study of the hippocampus. One can study this area of the brain through the use of electrodes or through different lesion methods. In both methods the experimenter can look at the effects caused by inactivating the hippocampus. It has been suggested that although the hippocampus is important for many forms of memory, it may not be essential for the formation of recognition memory (Zola et. al) . Recognition memory can be defined as the capacity to identify a recently encountered item as familiar (Zola et al., 2000) .
This type of memory is of high importance to many organisms. An example of recognition memory is the fact that one must be able to recognize family members and familiar places and be able to tell the difference between those familiar faces and places from new encounters. Another example of the use of recognition memory is the ability to recognize colors in the same way everyday and to able to tell differences between old and new patterns. It is thought that the cellular basis of recognition memory is found in neurons of the perirhinal cortex.
These neurons are called novelty neurons and increased firing is observed when a novel stimulus is present (Sweatt, 2000) .
Previous studies of human subjects with lesions to the hippocampus suggested that this area of the brain plays an important role in recognition memory formation. In one study, patients who suffered damage to the CA1 field of the hippocampus due to ischemia were found to have distinct anterograde amnesia (Zola et al., 1986 ). This and other related studies provided initial evidence regarding the role of the hippocampus. However, the data from humans may also be affected by the fact that ischemic damage can cause dysfunction in areas beyond the hippocampus that are also important for memory storage and formation (Nunn J, Hodges H., 1994) .
Previously, four studies had assessed recognition memory in monkeys with hippocampal lesions. The first two used monkeys with either Radio frequency (RF) -induced lesions or ischemic damage in the perirhinal and parahippocampal cortices of the hippocampus (Zola-Morgan et al., 1992) . These studies concluded that the hippocampus is indeed necessary for recognition memory formation. The two more recent studies used the selective neurotoxin ibotenic acid (IBO), which appears to damage only the cell bodies in the target region, thus sparing adjacent white matter (Jarrard, 1989) . However, while one IBO study (Held et al., 1999) corroborated the conclusions of the first two studies, another IBO study (Murray and Mishkin, 1998) found that monkeys with lesions to the hippocampus performed as well as the control group on behavioral tasks.
Given the fact that one out of the existing four studies in this area are not in agreement, the purpose of this study (Zola et. al, 2000) is to provide evidence for or against the hypothesis that the hippocampus is involved in recognition memory.
Methods
Twenty-seven male Macaca fascicularis monkeys, five of which were control animals (N), were used in this study. Three different methods were used to lesion the hippocampus. Reversible ischemic damage was induced by carotid occlusion and drug-induced hypotension. Radio frequency (RF) -induced lesioning for two groups of monkeys (RF1 and RF2) involved an MRI machine so that the lesions (made by an electrode connected to a radio frequency marker) could be localized to the hippocampus. Finally, in the third method, ibotenic acid (IBO) was injected into the monkey's brain after openings to the skull were made.
There were also two groups (IBO1 and IBO2) lesioned with this method. The RF and IBO methods were used to cause bilateral hippocampal lesions.
In order to test the effects of the lesions, the candidates were exposed to two different methods of behavioral testing. Delayed nonmatching to sample was performed in the ISC, RF1, RF2 and IBO-1 groups. This task involved testing six to eight weeks after surgery. The monkey's task was to displace a new object in order to obtain food. During the training period, an 8 second delay was used. Subsequent delay times of 15s, 1m, 10m, and 40m were used after the monkeys could successfully identify the new object in 90% of the trials in the training period. The second test, visual paired-comparison task, was given to the N, RF2 and IBO-2 groups. This test calculated the percentage of time each monkey spent viewing a novel stimulus as opposed to time spent viewing a previously seen stimulus.
Results
ISC group: These sustained no significant damage outside the hippocampus. The damage to the hippocampus was mainly to pyramidal cells in the CA1 an CA2 fields as well as to the somatostatin-immunoreactive cells in the hillar region of the dentate gyrus. There was some additional damage to the rostro caudal region but most of the lesion was to the caudal region. The range of the damage was 24-73% and at last it is important to note that the ISC2 monkey sustained some subicular damage.
RF1 group:
With a mean percentage damage of 62%, this group showed varied results. For example, monkey RF1-3 sustained 10% damage to the entorhinal cortex as well as the perirhinal cortex (38%). Asymmetrical damage to white matter was also a result of this procedure to candidates (RF1-1, RF1-2 and RF1-3).
RF2 group:
With an overall damage of 24% limited to the CA3 region of the brain and dentate gyrus this group sustained some additional unintentional damage. RF2-(1,2 and 4) suffered damage to the amygdala region. RF2-(1,2) suffered slight bilateral damage to the same area although the hippocampal cortices were spared.
IBO1 group:
Here, damage to the amygdala was avoided purposefully.
Substantial bilateral damage to the dentate gyrus and subiculum of the hippocampal region averaged 44%. Unwanted damage was observed on IBO-5 (slight unilateral damage). Moderate damage to the bilateral perirhinal cortex in IBO-1 (10 %) and IBO-5 (23%) IBO2 group: This group had the most specific lesion with little or no unintended damage. IBO2-1and IBO2-4 sustained absolutely no damage to the amygdala. However IBO2-2 and IBO2-3 received slight damage to the unilateral and bilateral regions of the amygdala. Bilateral damage to the tail of the caudate nucleus of IBO2-(2,3,4) (45%, 31%, 75% respectively) occurred. According to the authors, IBO2-1 is a reference candidate of the experiment because its lesion was the closest to what was intended.
The IBO1 group, as well as RF1-3 and IBO2-1 sustained damage to the parahippoampal cortices, which is beyond what was intended. IBO1-5 also sustained damage to the perirhinal cortex. The caudate nucleus of all RF2 monkeys and 3 IBO2 candidates was also damaged. Further tests were performed to determine whether damaged areas adjacent to the hippocampus affect performance on recognition memory tests. The scores of the monkeys with extra damage to the caudate nucleus did not appear to be significantly different from those of other monkeys with damage limited to the hippocampus. Moreover, in the visual paired comparison task, IBO2-1, which had no unintended damage, had scores similar to that of the other test subjects (those with damage outside of the target region. Therefore, the authors concluded that there was no evidence that unintended damage to areas near the hippocampus impaired performance. Still, the variation in the extent of lesions, even if they were only in the hippocampus, affected performance on behavioral tasks. Shown below is an example of the variation present in one test group: Figure 5 . Group RF2. The extent of the lesions of the hippocampal region in each of the four monkeys in the RF2 group is indicated in gray on the coronal sections. Sections arranged as in Figure 1 .
In the delayed non-matching to sample tasks, the control and test groups showed little difference in performance when the delay time was less than 10 seconds, but as the delay time lengthened, the performance of the test groups worsened. For three of the groups (ISC, RF2, IBO1) the performance was significantly poorer than that of the control group for delays greater than 15 seconds. The RF1 group was an exception -this group only had significantly poorer performance for the 40 minute delay period. The scores obtained in the delayed non-matching to sample task, in comparison to the data on the extent of damage in each monkey, also indicate that the extent of damage is linearly related to how well the monkey performed on the task. A larger lesion is associated with poorer performance.
The visual paired comparison task shows that both IBO2 and RF2 groups showed a significant lack of attention to novel stimuli in comparison to the control group. A greater delay is correlated with a greater difference between the lesioned group and the control group. This second test showed more variation in performance between the test groups and control group (see below) than in the delayed nonmatching to sample task. 
Discussion
The authors of this study conclude that the hippocampus is indeed necessary for the formation of recognition memory. They also mention that in order to determine which parts of the hippocampus are essential for recognition memory, tests with more specific lesions are needed. The lack of specificity of the lesion observed in different subjects in the experiment may be interpreted as evidence against the conclusions of the experiment. However, as mentioned earlier, it appears that damage in tissues adjacent to the hippocampus presents little to no significant impairment on behavioral tasks.
The data from monkeys with little or no unintended damage showed that all of these monkeys had significant impairment in all monkeys in both tasks.
The data from these monkeys is probably the most reliable since unknown side effects from damage outside the target area are not a factor. In most of the behavioral tasks, the difference in performance of the test and control groups were significant enough to provide a strong argument for the theory that the hippocampus plays an essential role in recent memory formation. Before this publication, four groups had done similar work and three of them provided conclusions similar to the one provided here (Held, Rosene et al., 1999) . Such corroboration of evidence also strongly indicates that the hippocampus does indeed play an essential role in recognition memory formation. The one study that did not support this view (Murray and Mishkin, 1998) , used different methods of training the test subjects as well as a different species of monkey (Macaca mulata). These differences may account for the contradictory results of the Murray and Mushkin study. The only similarity in the Murray and Mishkin study was the type of task used by the two groups (delayed non-matching to sample).
Another study also shows that there is a correlation between the severity of the lesion and behavioral performance (Moser et al. 1993 ). This study involves work done in rats. However, this study also proposes that there are areas of the hippocampus that are independent and qualitatively different, and it is not just the extent of the lesion that affects performance on memory tasks.
Memory studies involving the hippocampus are still an active area of research. There is much ground to cover as it is not yet known exactly which parts of the hippocampus are involved in which types of memory; the cellular basis of memory formation and storage are not fully understood either. Further work needs to be done on the neural basis of processes such as memory formation in the hippocampus in order to provide a clearer understanding of the role of the hippocampus in recognition memory and other forms of declarative memory.
More specific lesioning methods also need to be implemented in order to eliminate the variation in performance naturally present as a result of differently sized lesions.
